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DOCKET NO.: THOM-0016 PATENT 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re patent application of: 

James LUCAS and Ahmed AL-SHAMMAA 
International Application No.: PCT/GBOO/00168 
International Filing Date: 24 January 2000 

For: APPARATUS AND METHOD FOR DETERMINING DIELECTRIC PROPERTIES 
OF AN ELECTRICALLY CONDUCTIVE FLUID 

Assistant Commissioner of 
Patents & Trademarks 
Washington, DC 20231 

Sir: 

PRELIMINARY AMENDMENT 

Prior to examination of the above-referenced patent application, please make the 
following amendments and consider the following remarks. 
In the claims: 

Please amend claims 4- 9 and 1 1 as follows: 

4. (Amended)An apparatus in accordance with claim 1 , wherein the antetma 
for emitting electromagnetic radiation into the fluid material is disposed within the resonant 
cavity such as to project into the fluid material, the antenna being provided with an insulating 
layer by which is it electrically isolated from the fluid material, 

5 . (Amended) An apparatus in accordance with claim 1 , wherein the boundary 
of the resonant cavity comprises a conductive wall whose inner surface is covered by said 
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electrically insulating layer by which the wall is electrically isolated from the fluid material 
within the cavity. 

6. (Amended)An apparatus in accordance with claim 1 , wherein the resonant 
cavity has an inlet and an outlet such that the fluid material can flow through the cavity. 

7. (Amended)An apparatus in accordance with claim 1 , wherein the means 
for detecting electromagnetic radiation within the cavity comprise a receiver antenna disposed 
within the resonant cavity and electrically isolated from the fluid material within the cavity. 

8. (Amended) An apparatus in accordance with claim 1 , wherein the means 
for detecting electromagnetic energy within the cavity comprise electronics connected to the 
emitter antenna for measuring the voltage standing wave ratio. 

9. (Amended)A device for monitoring constituents of a fluid flow comprising 
an apparatus in accordance with claim 1 . 

1 1 . (Amended)A device as claimed in claim 9, further comprising means for 
measuring additional properties of the fluid flow and calculating means for determining, on the 
basis of the measured properties, the proportions of certain constituents of the flow. 
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REMARKS 



Early consideration and allowance of the above-referenced patent application is 
respectfully requested. 

Claims 4-9 and 1 1 have been amended. 

The claims have been amended to remove multiple dependencies and to otherwise 
conform with U.S. claim practice. No new matter has been entered. None of the amendments 
are submitted for reasons of patentability. 



Attached hereto is a marked-up version of the changes made to the claims by the 



current amendment. The attached page is captioned " Version with markings to show changes 
made," 



WOODCOCK WASHBURN KURTZ 

MACKIEWICZ & NORRIS 
One Liberty Place - 46th Floor 
Philadelphia, PA 19103 
(215) 568-3100 



Respectfully submitted, 
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VERSION WITH MARKINGS TO SHOW CHANGES MADE 
In the claims; 

Claims 4-9 and 1 1 have been amended as follows: 

4. (Amended) An apparatus [as claimed in any preceding claim] in accordance with 
claim 1. wherein the antenna for emitting electromagnetic radiation into the fluid material is 
disposed within the resonant cavity such as to project into the fluid material, the antenna being 
provided with an insulating layer by which is it electrically isolated from the fluid material. 

5. (Amended) An apparatus [as claimed in any preceding claim] in accordance with 
claim L wherein the boundary of the resonant cavity comprises a conductive wall whose inner 
surface is covered by said electrically insulating layer by which the wall is electrically isolated 
from the fluid material within the cavity. 

6. (Amended) An apparatus [as claimed in any preceding claim] in accordance with 
claim L w herein the resonant cavity has an inlet and an outlet such that the fluid material can 
flow through the cavity. 

7. (Amended) An apparatus [as claimed in any preceding claim] in accordance with 
claim L wherein the means for detecting electromagnetic radiation within the cavity comprise 
a receiver antenna disposed within the resonant cavity and electrically isolated from the fluid 
material within the cavity. 

8. (Amended) An apparatus [as claimed in any of claims 1 to 6] in accordance with 
claim 1. wherein the means for detecting electromagnetic energy within the cavity comprise 
electronics connected to the emitter antenna for measuring the voltage standing wave ratio. 

9. (Amended) A device for monitoring constituents of a fluid flow comprising an 
apparatus [as claimed in any preceding claim] in accordance with claim 1 . 
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1 1 . (Amended) A device as claimed in claim 9 [or claim 1 0] , further comprising means 
for measuring additional properties of the fluid flow and calculating means for determining, on 
the basis of the measured properties, the proportions of certain constituents of the flow. 



CLAIMS 



1. An apparatus for determining dielectric properties of an electrically 
conductive liquid, comprising: 

an electrically resonant cavity defined by an electrically conductive boundary 
wall; 

an electrically insulating layer disposed on those parts of the electrically 
conductive boundary wall defining the interior wall of the cavity; 
an inlet through which the fluid can be introduced into the interior of the cavity, 
said electrically insulating layer isolating the fluid from said electrically 
conductive boundary wall; 

an emitter antenna and associated drive electronics for emitting electromagnetic 
radiation to the cavity, the emitter antenna being electrically isolated fi:om fluid 
material within the cavity; and 

means for detecting resultant electromagnetic radiation within the cavity. 

2. An apparatus as claimed in claim 1, wherein the drive electronics are 
adapted to operate at a range of frequencies such that a range of frequencies of electromagnetic 
radiation can be emitted to the cavity. 

3 . An apparatus as claimed in claim 2, wherein the frequency is continuously 

variable, 

4. An apparatus in accordance with claim 1 , wherein the antenna for emitting 
electromagnetic radiation into the fluid material is disposed within the resonant cavity such as 
to project into the fluid material, the antenna being provided with an insulating layer by which 
is it electrically isolated from the fluid material. 

5. An apparatus in accordance with claim 1, wherein the boundary of the 
resonant cavity comprises a conductive wall whose inner surface is covered by said electrically 
insulating layer by which the wall is electrically isolated from the fluid material within the 
cavity. 

6. An apparatus in accordance with claim 1 , wherein the resonant cavity has 
an inlet and an outlet such that the fluid material can flow through the cavity. 



7. An apparatus in accordance with claim 1 , wherein the means for detecting 
electromagnetic radiation within the cavity comprise a receiver antenna disposed within the 
resonant cavity and electrically isolated from the fluid material within the cavity. 

8 . An apparatus in accordance with claim 1 , wherein the means for detecting 
electromagnetic energy within the cavity comprise electronics connected to the emitter antenna 
for measuring the voltage standing wave ratio. 

9. A device for monitoring constituents of a fluid flow comprising an 
apparatus in accordance with claim 1 . 

10. A device as claimed in claim 9, further comprising measurement 
electronics for determining the frequency of a resonance peak corresponding to a selected 
resonant mode within the cavity. 

11. A device as claimed in claim 9, further comprising means for measuring 
additional properties of the fluid flow and calculating means for determining, on the basis of the 
measured properties, the proportions of certain constituents of the flow. 

12. A device as claimed in claim 1 1 , wherein the calculating means operates 
by calculating for a set of possible permutations of flow constituents the expected values of the 
measured properties and comparing these with the actual measured values to determine which 
permutation best matches the measured properties. 

13. A device as claimed in claim 1 2, wherein the calculating means comprise 
a neural network, trained on experimental data, for determining expected quantities relating to 
the dielectric properties of the flow corresponding to the permutations of flow constituents. 

14. A method of determining dielectric properties of an electrically conductive 
fluid comprising the steps of disposing the fluid material in or passing the fluid through an 
apparatus in accordance with claim 1 , emitting electromagnetic radiation mto the resonant cavity 
by means of the antenna which is electrically isolated from the fluid and detecting and analysing 
the resultant electromagnetic radiation within the resonant cavity. 

15. A method as claimed in claim 1 4, comprising varying the frequency of the 
emitted electromagnetic radiation and obtaining an indication of the amplitude of the resultant 
electromagnetic radiation within the resonant cavity. 
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DESCRIPnON 



APPARATUS AND METHPP FOR DETERMININg DIELECT1]E 



PROPERTmS QF AN ELECTR ICALLY CQND TTnWF. FT TTm 



The present invention is concerned, in its broadest aspect, with an apparatus 
for and method of determining dielectric properties of an electrically conductive 
fluid. The invention is applicable in particular to the monitoring of multi-phase 
flows such as are found in oil pipelines. 

The flow of material from an oil well typically contains not only crude oil 
but also other constituents, gas and water generally being the most significant of 
these. Other constituents such as sediment and algae are tj^ically present in 
relatively small quantities. It is often necessary to monitor the relative proportions 
of the major constituents of the flow. One reason for this is to judge when a given 
well is becoming exhausted, signalled by a declrae in the proportion of oil. 

The traditional technique for this monitoring has involved separation of a 
sample of the material into its constituents, allowing straightforward single phase 
monitoring techniques to be used. While efiB^ctive, processing systems based on 
this technique are somewhat inflexible in terms of their capability to handle 
fluctuating flow rates, varying water content and changes in the physical properties 
of the constiment fluids. 

The technique also involves an undesirable time lag between extraction of 
the material at the well head and assessment of its constituents, not least because 
the assessment has to be made after separation of the materials on the rig itself - 



SUBSTITUTE SHEET (RULE 26) 



wo 00/43759 



PCT/GBOO/00168 



-2- 

ie. a considerable distance downstream of the well head. 

For these reasons numerous projects have been undertaken to develop 
systems capable of real time multi-phase metering (MPM) - ie, real time 
measurement of the constituents of a sample (more specifically a flow) containing 
two or more constituents. The aim of such projects has been to arrive at a system 
capable of monitoring the proportions of oil, gas and water in an extraction 
pipeline. Such systems are now commercially available, but are not yet wholly 
satisfactory. 

Such systems operate by monitoring bulk properties of the flow (without 
separating it into its constituent parts) and inferring from these the proportions of 
the major constituent of the flow - in the practical case of oil extraction, the major 
constituents are oil, gas and water. 

To enable such inferences to be made, more than one property of the flow 
is monitored. Known systems typically measure the density of the flow material, 
its effect in attenuating gamma rays, and one other flow property such as its 
capacitance. 

In tests, most existing systems prove to be capable of accurately measuring 
two phases - fluid and gas - but fail to achieve the desired accuracy in relation to 
flows having high water or low gas content when measuring three phase flows - 
oil, gas and water. 

It is one of the objects of the present invention to make possible improved 
monitoring of three phase flows. 
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It is considered that in order to improve the acxuracy of MPM devices it is 
important to monitor a third bulk property of the flow (aside from density and 
gamma ray attenuation) and that as yet no appropriate technique has been proposed 
for accurately monitoring an appropriate property. 

The reason for the need for a third property measurement may be simply 
stated. It is necessary in a three phase flow to establish three unknown quantities - 
the proportions of the three constituents (eg. oil, gas and water). To this end, three 
simultaneous equations, one contributed by each monitored property, are required. 
There has been at least one project which attempted to monitor, as the 
necessary third property, the effect of the flow on the propagation of 
electromagnetic radiation through it. This project faced an important problem- 
Flows emerging from an oil well head are electrically conductive due, among other 
factors, to their inclusion of salt water. Conventional technical teaching, based on 
the application of Maxwell's equations, is that electromagnetic radiation of 
wavelengths cannot be efficiently propagated through a conductive medium 

The solution adopted by the previous project was to use high power 
electromagnetic radiation. To provide this power it was necessary to use a 
magnetron, which operated at a power of the order of 1 Kilowatt, and at a 
frequency of 2.46 GHz. Due to the use of a magnetron to supply this radiation, 
its frequency was non-adjustable. The radiation was input to a resonant cavity, 
through which the flow was passed. The cavity walls were conductive and were 
exposed to the flow itself. Due to the resonance requirement, the dimensions of 
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the cavity were largely fixed as a function of the (fixed) frequency used. 

Coupling of the tnicrowave radiation into the cavity was achieved by an 
aerial, necessarily very large, which was itself exposed to the contents of the cavity 
- ie. to the flow. 

The device unfortunately proved unsatisfectory due to factors including the 
size and e^ense of the magnetron used and its fixed frequency. 

Despite these problems, it is recognised that measurement of tiie properties 
of the flow with regard to electromagnetic radiation is desirable since the properties 
of the three major constituents of the flow with regard to EM radiation are widely 
divergent, and hence easy to distinguish- This can be appreciated fi:om the fact that 
the relative permittivity of the three constituents is approxnnately as follows: 

I. gas, er - 1; 

ii. crude oil, er = 2.2 (and this proves to be largely constant for all crude 
oils, despite variations in its component fractions); 

iii, water, er = 81. 

The inventors have realised, and confirmed by experiment, that contrary to 
the hitherto conventional teaching, it is possible to efficiently couple radio and 
microwave radiation into a conductive medium within a resonant cavity provided 
that the cavity walls and the antenna used to output the radiation are electrically 
isolated from the medium itself. 

There is already known firom EP-A-511651 a non-invasive, in-line fluid 
monitor which includes a length of fluid pipe disposed such that it and the fluid 
within becomea part of the dielectric loading on an energised electromagnetic 
sensor device. A resonant closed cavity is used to encompass the length of fluid 
pipe and a process is used to compare changes in the resonant characteristics of the 
cavity to predetermined data to determine the properties of the fluid. The cavity 
is in the form of an open, five walled box of an electrically conductive metal, such 
as copper or brass, having a separable metal lid forming a sixth side to achieve the 
closed cavity through which the fluid pipe passes. In this arrangement, therefore 
the fluid flow is confined to the flxiid pipe. 
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In accordance with a first aspect of the present invention, there is an 
apparatus for determining an apparatus for determining dielectric properties of an 
electrically conductive liquid, comprising:- 

an electrically resonant cavity defined by an electrically conductive boundary 

wall; 

an electrically insulating layer disposed on those parts of the electrically 
conductive boundary wall defining the interior wall of the cavity; 
an inlet through which the fluid can be introduced into the interior of the 
cavity, said electrically insulating layer isolating the fluid from said 
electrically conductive boundary w£ill; 

an emitter antenna and associated drive electronics for emitting 

electromagnetic radiation to the cavity, the emitter antenna being electrically 

isolated from fluid material within the cavity ; and 

means for detecting resultant electromagnetic radiation within the cavity. 

Experiments carried out by tie inventors have confirmed that using such an 
arrangement measurements of dielectric properties can be made without the need 
for the high power provided by a magnetron. The arrangement can serve as a 
dielectric permittivity sensor. Dielectric properties at a mdio and microwave 
frequencies can be measured. In prototype arrangements, a simple loop aerial 
driven by an electronic oscillator has proved adequate by virtue of the efficient 
propagation of radiation through the fluid material made possible by the 
arrangement. As compared with the previous magnetron apparatus, this makes 
possible great simplification and cost saving, as well as other benefits which will 
become clear below. 

The fluid in question may contain some solids, as typically does a flow of 
material in an oil extraction pipeline. 

With regard to the frequency of radiation emitted into the cavity, it is 
considered that the present invention is particularly applicable to radio and 
microwave frequencies. The frequency range used is in part determined by the 
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resonance requirement and hence the cavity dimensions. It is currently believed 
potentially worthwhile to measure the response to frequencies of the order of 10 
MHz to lOGHz. Research to date has useftdly concentrated on the narrower range 
from approximately lOOMHz to approximately 5GHz. 

It is particularly preferred that the drive electronics are adapted to operate 
at a range of frequencies such that a range of frequencies of electromagnetic 
radiation can be emitted to the cavity. Preferably, the frequency is continuously 
variable. 

This can be conveniently achieved in apparatus according to the present 
invention since the radiation does not need to be at the high power provided by the 
magnetron of the previous system. 

In prototype arrangements embodying the present invention, a spectrum 
analyser has been used to drive a loop aerial at a continuously variable frequency. 
In this way, it becomes possible to measure the properties of the cavity and the 
material it contains throughout a chosen region of the electromagnetic spectrum. 

The antenna for emitting electromagnetic radiation into the fluid material 
is preferably disposed within the resonant cavity such as to project into the fluid 
m aterial, the antenna being provided with an insulating layer by which it is 
electrically isolated from the fluid material. 

Such an arrangement provides for efficient coupling of the electromagnetic 
radiation into the fluid material. 

The conductive boundary of the resonant cavity may comprise a conductive 



SUBSTITUTE SHEET (RULE 26) 



wo 00/43759 



PCT/GBOO/00168 



-7. 

wall whose iimer surface is covered by an internal insiilating layer by which the 
wall is electricaUy isolated from the fluid material within the cavity. The insulating 
layer may be a low loss dielectric. Ceramic can be used. 

It is particularly preferred that the resonant cavity has an inlet and an outlet 
such that the fluid material can flow through the cavity. This makes it possible to 
monitor, continuously if required, the properties of a fluid flow. 

In a currently preferred embodiment of the present invention, the means for 
detecting electromagnetic radiation within the cavity comprise a receiver antenna 
disposed within the resonant cavity and electrically isolated from the fltiid material 
within the cavity. 

Alternatively or additionally, the means for detecting electromagnetic 
radiation within the cavity may comprise electronics comected to the emitter 
antenna for measuring the voltage standing wave ratio. The effect is to provide an 
indication of the reflected power at the emitter antenna. 

In accordance with a second aspect of the present invention, there is 
provided a device for monitoring the constituents of a fluid flow, the device 
comprising an apparatus according to the first embodiment of the present invention. 
Of particular iix^ortance is the case where the device is adapted for monitoring the 
constituents of a flow of material in an oil pipeline. Multi-phase metering can be 
carried out by such a device. 

In such an embodiment, the resonant cavity may be formed by a portion of 
the pipeline. Preferably, the electrically conductive boundary defining the resonant 
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cavity comprises a conductive circumferential wall around the inside or outside of 
the pipeline. The boundary may additionally comprise conductive end walls 
disposed across the pipeline to functionally enclose the resonant cavity. It is not 
considered essential that these end walls be continuous - they may for example be 
formed by open wire grid or mesh, serving to form a functionally enclosed 
resonant electrical cavity while permitting flow of material through the pipeline. 
Alternatively, the cavity may be open ended. It is found that circular resonance 
modes persist even when the cavity is not enclosed. 

The device may for example be installed in a pipeline close to the point of 
extraction, serving to monitor in real time the properties of the material being 
extracted. 

It is particularly preferred that the device comprises measurement 
electronics for determining the frequency of a resonance peak corresponding to a 
selected resonant mode within the cavity. 

As will be explained below, it has been found that the frequency of such a 
resonance peak is shifted according to the proportions of different materials in the fluid 
flow, and that the frequency provides information which can be used in determining, or 
at least estimating, the proportions of different materials in the flow. 

The device preferably comprises means for measuring additional properties 
of the fluid flow and calculating means for determining, on the basis of the 
measured properties, the proportions of certain constituents of the flow. The 
additional properties measured may comprise absorbtion of gamma ray radiation 
and density. 
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In a preferred embodiment, the calculating means operates by calculating 
for a set of possible permutations of flow constituents the expected values of the 
measured properties and comparing these with the actual measured values to 
determine which permutation best matches the measured properties. 

The calculating means may comprise a neural network, trained on 
experimental data, for determining expected quantities relating to the dielectric 
properties of the flow corresponding to the permutations of flow constituents. The 
quantities in question may be the frequencies of a selected resonant mode of the 
cavity. 

In accordance with a third aspect of the present invention, there is a method 
of determining dielectric properties of an electrically conductive fluid comprising 
the steps of disposing the fluid material in or passing the fluid through an apparatus 
in accordance with the first aspect of the invention, emitting electromagnetic 
radiation into the resonant cavity by means of the antenna which is electrically 
feolated from the fluid and detecting and analysing the resultant electromagnetic 
radiation within the resonant cavity. 

Preferably, the method con^rises varying the frequency of the emitted 
electromagnetic radiation and obtaining an indication of the amplitude of the 
resultant electromagnetic radiation within the resonant cavi^''. The frequency 
variation may be continuous. The results are preferably analysed to detemaine the 
position of at least one resonance peak within the cavity. 
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Detection of electromagnetic radiation within tiae resonant cavity may, in 
a preferred embodiment of the method according to the present invention, be by 
means of a receiver antenna itself electrically isolated from the fluid material. 
Alternatively or additionally it may be by analysis of the voltage standing wave 
ratio in the emitter antenna. 

In a particularly preferred version of the method according to the present 
invention, the determined dielectric properties are utilised to monitor the 
constituents of a fluid flow passed through the resonant cavity. 

Preferably such a metihod comprises additionally moxiitoring further 
properties of the fluid flow. Gamma ray radiation absorbtion and density are 
suitable properties. 

The method preferably comprises calculating for a set of possible 
proportions of flow constituents the expected values of the measured properties and 
comparing these with the measured values to determine which best matches the 
measured properties* 

Specific embodiments of the present invention will now be described, by 
way of example only^ with reference to the accoii^)anying drawings, in which: - 
Figure 1 is a longitudinal section through a prototype resonant cavity 
apparatus embodying the present invention; 

Figure 2 is a graph showing the amplitude (measured in millivolts) of a 
signal detected by an aerial within the cavity against the frequency (measured in 
megahertz) of a microwave signal input to the cavity, in the case where the cavity 
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ls filled with gas; 

Figure 3 corresponds to Figure 2 but represents the case where the cavity 
is filled with oil; 

Figure 4 corresponds to Figure 2 but represents the case where the caAdty 
is filled with water; 

Figure 5 is a graph having the same axes as Figure 2 (albeit with different 
ranges) on which signal amplitudes corresponding to cavities filled with gas, oil 
and water are juxtaposed; 

Figure 6 is a table of observed fundamental resonance frequencies of the 
cavity corresponding to a range of cavity contents; 

Figure 7 is a graph of the results for oil/gas mbctures tabulated in Figure 
6 showing resonant firequency in MHz on the vertical axis against, on the 
horizontal axis, the percentage of oil (the upper row of figures along this axis) and 
the percentage of gas (the lower row of figures on this axis); 

Figure 8 corresponds to Figure 7 except that the results shown are for 
water/gas mixtures, the percentage of water being indicated by the upper row of 
figures on the horizontal axis and the percentage of gas being indicated by the 
lower row of figures; 

Figure 9 corresponds to Figure 7 except that the results shown are for 
water/oil mixtures, the percentage of water being indicated by the upper row of 
figures along the horizontal axis and the percentage of oil being indicated by the 
lower row of figures; 
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Figure 10 corresponds to Figure 7 except that the results shown are for a 
range of admixtures of gas with an equal volumetric mixture of oil and water, the 
percentage of gas being indicated by the upper row of figures along the horizontal 
axis and the percentage of oil/water being indicated by the lower row of figures; 

Figure 11 is a graph showing four plots of detected signal amplitude 
variation with frequency for a mixture of water and air whose relative volumetric 
proportions were fixed throughout, each plot corresponding to a different rate of 
flow of the noixture through the apparatus; 

Figure 12 is a graph showing how the detected signal amplitude (in volts 
on the vertical axis) is altered by an admixture of sand within the cavity over a 
range of frequencies; 

Figure 13 illustrates elements of a neural network for use in an embodiment 
of the present invention; 

Figure 14 shows the hspxis to, and outputs from, the neural network during 
its training; 

Figure 15 is a block diagram of a system utilising the neural network to 
infer the proportions of the constituents of a flow through the microwave cavity; 

Figure 16 is a longitudinal section through a resonant cavity apparatxis 
embodying the present invention for use in an oil pipeline; 

Figure 17 is a graph of voltage standing wave ratio (VSWR) against 
frequency (MHz)at the transmitter antenna of an apparatus embodying the present 
invention for cavities filled with oil, gas and water, values for oil being indicated 
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by a solid triangle, values for water being indicated by a solid square and values 
for gas being indicated by a phantom triangle; and 

Figure 18 is a graph of frequency (in Mfaz on the horizontal axis) against 
phase shift (in degrees on the vertical axis). 

The prototype apparatus illustrated in Fig. 1 has been used for proving die 
feasibility of the present invention. The apparatus comprises a cylindrical 
microwave cavity defined by copper side and end walls, 2, 4 and having an axial 
inlet 6 and outlet 8 by means of which flow material can be passed through the 
cavity. The cavity had, in this prototype device, a length of 158nun and a 
diameter of 189mm. There is however scope for variation of the shape and 
dimensions of ftie cavity. In the experimental arrangement illustrated, a pump (not 
seen) is used to circulate the test medium and so provide a flow. 

Within the cavity is a first loop aerial 10 serving as a microwave transmitter 
and a second loop aerial 12 serving as a microwave receiver. 

An important feature of the apparams is an electrical insulation layer 14 
provided on the interior of the cavity walls to electrically isolate the cavity walls 
from the cavity's interior. Further insulation layers 16, 18 are provided on the 
transmitter aerial 10 and the receiver aerial 12, which are thereby also electrically 
isolated from the interior of the cavity. 

Experiments carried out using the prototype apparatus have confirmed that 
by virtue of the electrical isolation of the cavity and aerials from the cavity 
contents, it becomes possible to efficiently couple electromagnetic radiation into 
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the medium and to detect the radiation, even where the power of the emitted 
radiation is low. In the prototype apparatus, both aerials are connected to a 
spectrum analyzer used both to drive the transmitter aerial 10 at a rai^e of test 
frequencies and to detect and store the corresponding signal amplitudes detected by 
the receiver aerial 12. In this way, it is possible to measure and plot the full 
microwave spectrum of the cavity. 

Figs. 2, 3 and 4 are the observed spectra for cavities filled with gas, oil and 
water respectively (established during prelhninary testing of the apparatus) and 
show clear peaks corresponding to resonant modes of oscillation of the microwaves 
within the cavity. 

The microwave cavity has been theoretically modelled usrug solutions to 
Maxwell*s equations to clearly identify the modes of the resonances set up in the 
cavity. Each mode is either TB^ or TM^^ where m represents the circumferential 
variations in the field pattern, n represents the radial variations of the field pattern 
and I represents the length variations of the field pattern. Some of the identified 
modes obtained by matching up the theory to the experimental measurements are 
marked on Fig. 2. 

There is preferential excitation of the TE modes imder the illustrated 
experimental arrangement. 

Comparing die spectrum for an oil filled cavity (Fig. 3) with that of a gas 
filled cavity (Fig. 2) it is found that there is an observable shift in the resonance 
peaks of approximately 400MHz, the resonant frequencies being lower when oil 
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is present. This is due to the higher dielectric constant of oil (2.2) compared with 
gas (1.0), 

When the cavity is filled with water, an extreme shift of resonant 
frequencies occurs due to the high dielectric constant of water (approximately 80). 

The effect of the cavity contents on the positions of the resonance peaks is 
illustrated most clearly in Fig, 5, on which the three curves are superimposed, the 
left-most curve corresponding to a water filled cavity, the centre curve 
corresponding to an oil filled cavity and the right-most curve corresponding to a 
gas filled cavity. On each curve, the label R denotes the cavity's fundamental 
resonant mode. Its frequency shift is clearly apparent. 

Figs. 2 to 5 concern the simple cases in which only one material is present 
within the cavity. The inventors have however studied the more complicated case 
of a mixed flow, and in particular measured the effect of a range of mixed flows 
on the frequency of the fundamental (lowest frequency) resonant mode within the 
cavity. 

In Fig. 6, the experimentally observed frequency of the fundamental mode 
is tabulated against a range of proportions of gas, water and oil. The trends are 
more easily appreciated with reference to Figs, 7 to 10, which show: 

Fig. 7: the variation of the frequency of the fundamental mode for an 
oil/gas combination; 

Fig. 8: the variation of the frequency of the fondamental mode for a 
water/gas combination; 
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Fig. 9: the variation of the frequency of the ftmdamental mode for a 
water/oil combinatioa; and 

Fig. 10; the variation of the frequency of the fundamental mode for gas 
with a 50:50 admixture of oil and water. 

The graphs are monotonic and give only a single frequency for a given 
mixture, under consistent conditions. 

The pattern of flow within the cavity is dependent not only on the 
con^osition of the flow but also on other factors including its speed. In particular, 
the number and size of gas bubbles may be affected. The pattern of gas bubbles 
in an oil pipeline can also, for example, be affected by an expanding gas fraction 
at the well head, tending to generate enlarged gas "slugs". 

It was anticipated that varying bubble sizes resulting from varying flow 
rates and other factors would cause a corresponding variation in the form of the 
observed microwave spectrum, but it has emerged from experiments carried out by 
the inventors that the spectrum depends mainly on the volumetric composition of 
the flow and not on the gas bubble size or speed of flow. This is clearly 
advantageous given the goal of assessment of the constituents of a flow whose 
speed and flow pattern may vary. However flow homogenisation can be used to 
remove effects relating to flow pattern. 

The relevant observations are graphed in Fig. 11, on which are shown four 
spectra corresponding to four different rates of flow of a water/gas mixture (the 
volumetric proportions of which were fixed at 80% water and 20% air) through the 
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prototype apparatus, including the base of zero flow - ie. a static mixture. Even 
when the flow is stopped, so that the gas forms a single body above the liquid, it 
is found that the spectrum is largely unchanged. 

To assess the possible effect of further constituents in the flow (in addition 
to oil, gas and water) experiments have been carried out in which a proportion of 
sand is added. The results are graphed in Fig 12, where curve A was obtained 
when the cavity contained only water while curve B was obtained using 95 % water 
with 5% sand. The dielectric constant of sand is approximately 4.5, and the sand 
therefore caused a detectable shift in the first resonance peak. 

Temperature dependence of the resonance peaks has been studied using a 
cavity filled with water and pumped at a constant speed. As the temperature is 
increased it is found that the frequency of the first peak increases. The effect is 
caused by a decrease in the value of the dielectric constant e with increasing 
temperature. The velocity of microwaves in water depends on the square root of 
the relative permittivity as follows. 



C 




The frequency within the cavity is proportional to the velocity of the 
microwave so that if the cavity resonates at 150MHz at 30°C, the same cavity will 
resonate at 16IMHz at 60*'C, 

As an aid to the automation of the sensor system the phase relationship 
between the input and output signals for the cavity has been investigated. The 
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input signal was provided by a Signal Generator (ftequency range lOkHz - IGHz) 
and the output signal was recorded on a Signal Analyser (frequency range up to 
lOGHz). The phase delay is found to vary between 0 and -360** and is periodic 
when higher phase delays are present at the higher frequencies. 

Results given in Figure 17 show the periodic stnicmre observed for 
measurements in the cavity system for mixtures of oil and water. The phase shift 
is periodic and represents the resonance structure found within the amplitude 
signals at the receiver. If the resonance is modelled on a fourth order linear 
differential equation then the resonance should occur when the phase shift is -180** 
between the mpat and ou^ut signals. 

The conclusion to this experiment is that phase may be used to indicate the 
presence of a resonance frequency. This technique is useful to obtain the position 
of the first resonance frequency of the system and therefore provides consistent 
training data for the neural network. When usiug the sensor system the position 
of the resonance frequency of an unknown mixture can be obtained by recording 
the frequency when the phase shift is -180''C from the first phase resonance curve. 
The overall effect of all of the abovedescribed experiments is to confirm 

that the microwave spectrum observed by use of apparatus of the general type 

illustrated in Fig. 1 can provide usefiil information relevant to the determination 

of the constitution of a multi-phase flow. 

It is of course necessary, in a practical situation, to be able to infer from 

measured data concerning the flow (including the microwave spectrum) the 
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proportions of the flow constituents. In the system described herein, this is 
achieved by means of a Neural Network. 

The Neural Network of the existing system has been implemented using the 
C+ -h language. The currently preferred one hidden layer Network is illustrated 
m Fig. 13 and is specified in terms of irput, nmnber of modes ia the hidden layers 
and outputs. The weighting coefficients Wmn and Knp for each mode are 
calculated. 

A two layered backpropagation (MLP) network was used. A logsig 
function was used for each of the layers because it constrains the outputs to positive 
values only. The number of hidden layers was chosen arbitrarily at first and then 
modified to decrease training time/accuracy for the network. It was also decided 
to use a backpropagation network with momentum and adaptive learning. These 
functions allow the Sum Squared Error to escape from "local minima" which occur 
in some of the error surface graphs. 

Without this "momentum", the network may become stuck in local minima 
and will not train to the actual minimum. 

In known maimer, the Neural Network is trained by reference to a body of 
experimental data. The various parameters input to the Network NN during 
training are seen in Fig. 14 and are: percentage of oil 0, percentage of water W, 
percentage of gas temperamre T, water conductivity a, flow pattern FP and 
frequency F. Fluid pressure may additionally be calculated and input to the 
Network, since the volume of gas - and hence the microwave properties - are 
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pressure dependent. 

The trained Network is then utilised within a predictive algorithm whose 
functional elements are illxistrated in Fig. 15. Because of the high speed of the 
computer used to implement the algorithm, it is possible to scan all expected 
combinations of oil, gas and water within the flow. The combinations are input, 
as seen toward the left of the drawing, to the Neural Network NN which provides 
a corresponding predicted value f for the frequency of the cavity's fundamental 
mode of oscillation. 

The combinations are also input to functional units Al, A2 which calculate, 
analytically, the corresponding values of the flow density p and the absorbtion of 
gamma rays, a. 

The resulting derived values for f , a and p are then ou^t to a comparator 
C which also receives the measured values f^, o^, of the same parameters. 

The comparator selects the best fit of the derived values for f , a and p to 
the observed values of the same parameters, and on this basis makes a 
determination of the oil, gas and water proportions. 

The arrangement illustrated in Fig. 1 has been used in the laboratory for 
testing purposes. Fig. 16 illustrates schematically an arrangement intended for 
incorporation in an oil extraction pipeline. The cylindrical pipeline wall is seen at 
30, the direction of flow being indicated by arrow 32. The resonant 
electromagnetic cavity is defined by a conductive liner 34 on the interior of the 
pipeline wail, the ends of the liner being provided with conductive grids 36 which 
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allow flow of material while still defining the extent of the cavity. A microwave 
transmitter 38 and a microwave receiver 40 are again provided, and as in the Fig. 
1 embodiment the "walls" of the cavity, the emitter and the receiver are electrically 
insulated from the contents of the cavity. 

It is possible to dispense with the grids 36, so that the liner 34 alone defines 
the resonant cavity, in which case certain modes of oscillation are lost but some 
remain and may be measured as before. 

The embodiments of the invention illustrated in Figs. 1 and 16 utilise a 
receiver separate from the emitter, thereby measuring EM microwave energy ir^ut 
to the cavity as a function of frequency. 

An alternative is to observe the reflected power at the transmitting antenna. 
This is observed by measuring the antenna's voltage standing wave ratio (VSWR). 
This has been done experimentally. A summary of the results taken separately in 
oil, gas and water are given in Fig. 17. At the lower frequencies the VSWR is 
sensitive to the presence of water, at medium frequencies it is sensitive to the 
presence of oil whilst only at high frequencies is the VSWR sensitive to the 
presence of gas. It is believed that the VSWR may be used as a rough indicator of 
the mixture composition. 
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CLAIMS 

1. An apparatus for determining dielectric properties of an electrically 
conductive liquid, comprising: - 

an electrically resonant cavity defined by an electrically conductive boundary 
wall; 

an electrically insulating layer disposed on those parts of the electrically 
conductive boundary wall defining the interior wall of the cavity; 
an inlet through which the fluid can be introduced into the interior of the 
cavity, said electrically insulating layer isolating the fluid from said 
electrically conductive boimdary wall; 

an emitter antemia and associated drive electronics for emitting 
electromagnetic radiation to the cavity, the emitter antenna being electrically 
isolated from flmd material within the cavity; and 

means for detecting resultant electromagnetic radiation within the cavity. 

2. An apparatus as claimed in claim 1 wherein the drive electronics are 
adapted to operate at a range of frequencies such that a range of frequencies of 
electromagnetic radiation can be emitted to the cavity. 

3. An apparatus as claimed in clahn 2, wherein the frequency is 
continuously variable. 

4. An apparatus as claimed in any preening claim, wherein the antenna 
for emitting electromagnetic radiation into the fluid material is disposed within the 
resonant cavity such as to project into the fluid material, the antenna being 
provided with an insulating layer by which is it electrically isolated from the fluid 
material 

5. An apparatus as claimed in any preceding claim, wherein the boimdary 
of the resonant cavity comprises a conductive wall whose inner surface is covered 
by said electrically insulating layer by which the wall is electrically isolated from 
the fluid material within the cavity. 

6. An apparatus as clauned in any preceding claim wherein the resonant 
cavity has an inlet and an outlet such that the fluid material can flow through the 
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cavity. 

7. An apparatus as claimed in any preceding claim wherein the means for 
detecting electromagnetic radiation within the cavity comprise a receiver antenna 
disposed within the resonant cavity and electrically isolated from the fluid material 
within the cavity. 

8. An apparatus as claimed in any of claims 1 to 6 wherein the means for 
detecting electromagnetic energy within the cavity comprise electronics connected 
to the emitter antenna for measuring the voltage standing wave ratio. 

9. A device for monitoring constituents of a fluid flow comprising an 
apparatus as claimed in any preceding claim. 

10. A device as claimed in claim 9, further comprising measurement 
electronics for determining the frequency of a resonance peak corresponding to a 
selected resonant mode within the cavity. 

11. A device as claimed in claim 9 or claim 10, further comprising means 
for measuring additional properties of the fluid flow and calculating means for 
determining, on the basis of the measmred properties, the proportions of certain 
constituents of the flow. 

12. A device as claimed in claim 11, wherein the calculating means 
operates by calculating for a set of possible permutations of flow constituents the 
expected values of the measxu'ed properties and comparing these with the actual 
measured values to determine which permutation best matches the measured 
properties. 

13. A device as claimed in claim 12, wherein the calculating means 
comprise a neural network, trained on experimental data, for detennining expected 
quantities relating to the dielectric properties of the flow corresponding to the 
permutations of flow constituents. 

14. A method of determining dielectric properties of an electrically 
conductive fluid comprising the steps of disposing the fluid material in or passing 
the fluid through an apparaftis in accordance with claim 1 , emitting electromagnetic 
radiation into the resonant cavity by means of the antenna which is electrically 
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isolated from the fluid and detecting and analysing the resultant electromagnetic 
radiation within the resonant cavity. 

15. A method as claimed in claim 14, comprising varying the frequency 
of the emitted electromagnetic radiation and obtaining an indication of the 
amplitude of the resultant electromagnetic radiation within the resonant cavity. 



AMENDED SHEET 



wo 00/43759 



1/12 



n9/889537 

PCT/GBOO/00168 




SUBSTITUTE SHEET (RULE 26) 



09/88953? 



WO 00/43759 



PCT/GBOO/00168 



2/12 




00.00 



1000 1200 



1400 



1600 



1800 
MHz 



2000 2200 



2400 2600 2800 

FIG.2. 




450 575 



^0 825 950 1075 1200 1325 1450 1575 1700 1825 1950 

MHz 



SUBSTITUTE SHEET (RULE 26) 



FIG.3. 



nQ/88953? 



WO 00/43759 



PCT/GBOO/00168 



3/12 




0.00 



50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 

MHz 



FIG.4. 




50 175 300 425 550 675 800 925 1050 1175 1300 



SUBSTITUTE SHEET (RULE 26) 



%G 

10( 

90 

80 

70 

60 

50 
40 
30 
20 
10 

0_ 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

0 

0 

0 

0 

0 

0 

_0 

0 

_0 

_0 

_0 

_0 

10 
20 
30 
40 
50 

60 

70 

80 

90 

100 



nq/81 

PCT/GBOO/00168 



4/12 




FIG.6. 



SUBSTITUTE SHEET (RULE 26) 



wo 00/43759 



% 100 



MHz 
1000 

900 

800 
700 
600 

500 
400 
300 
200 
100 

0 ^ 
% 0 

% 100 



5/12 



09/88^5 

PCT/GBOO/00168 




FIG.7. 



10 
90 



20 
80 



30 
70 



40 
60 



50 
50 



60 
40 



70 
30 



80 
20 



90 
10 



100 
0 



FIG.8. 



SUBSTITUTE SHEET (RULE 26) 



wo 00/43759 



6/12 



70 

% 100 



nQ/e895 

PCT/GBOO/00168 




FIG.9. 




FIG.10. 



SUBSTITUTE SHEET (RULE 2«) 



wo 00/43759 



PCT/GBOO/00168 



7/12 




0.00 



100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200 

MHz 

FIG.11. 




0.00 



100 



200 



300 



400 
MHz 



500 600 700 800 

FIG.12. 



SUBSTrrUTE SHEET (RULE 26) 



wo 00/43759 



09-/889! 

PCT/GBOO/00168 



8/12 




FIG.13. 




FIG.14. 



SUBSTITUTE SHEET (RULE 26) 



wo 00/43759 



PCT/GBOO/00168 



9/12 



%0 
%G 




NN 


T 


c 


fm 


%W 






P 


Pm 








T 

FP 




A1 








a 






A2 















FIG.15. 



SUBSTITUTE SHEET (RULE 26) 



wo 00/43759 



10/12 



09/8895 

PCT/GBOO/00168 




FIG.16. 



SUBSTITUTE SHEET (RULE 26) 



wo 00/43759 



PCT/GBOO/00168 



11/12 







































— <T- 


^ "Wt — 




















^ ■ 








- o 


< m — 








— Cj 


— ^ 








cj 


■ — 








■->J 






























C 4 • 


■ — 








-<r^ 


m— 





















—m 






Ol 




~m 










■m 






— q — ■ — 






€3— 












1/- 









CD 
CD 



CZ3 



o 

CO 



CD 
O 
CO 



CD 
CD 



CD 

to 

UD 



CD 

to 

lO 



CD 
CD 

to 



CD 
CO 
CO 



CD 
CD 
CO 



CD 

LO 

CM 



CD 
CNJ 



CD 
CD 



CD 
LO 



yMSA 



SUBSTITUTE SHEET (RULE 26) 



, 09/88952?, 



000000168 



12/12 




AMENDED SHEET 



THOM-0016 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In Re Application of: 

James LUCAS and Ahmed AL-SHAMMAA 

Group Art Unit: Not yet 
International Serial No. PCT/GBOO/00168 known 

International Filing Date: 24 January 2000 Examiner: Not yet assigned 

For: APPARATUS AND METHOD FOR 
DETERMINING DIELECTRIC 
PROPERTIES OF AN 
ELECTRICALLY CONDUCTIVE 
FLUID 



DECLARATION AND POWER OF ATTORNEY 

As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated below next to my name; and 

I believe that I am the original, first and sole inventor (if only one name is listed below) or an 
original, first and joint inventor (if plural names are Usted below) of the subject matter which 
is claimed and for which a 

^ Utility Patent □ Design Patent 

is sought on the invention, whose title appears above, the specification of which: 

EH is attached hereto. 

^ was filed on 24 January 2000 as International Patent Application 
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Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No. 
Registration No^ 
Registration No. 
Registration No. 



38,788 

24,053 

25,460^ 

38,041^ 

41,628 

4 2,560 

42,8^3 

40,861^ 

38,534 

44273 

45^1449^ 

4 44047 

37Jl89 

46,261 

42,431 

39^822 
42>i5i 

43,243 
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PATENT 



Richard B. LeBlanc 
Joseph D. Rossi 
Rosaleen P. Morris 
George J, Awad 
Steven D. Maslowski 
S. Maurice Valla 
Vincent J. Roccia 
Robin S. Quartin 
Patrick J. Farley 
Gregory L. Hillyer 
Susan C. Murphy 
Raymond N. Scott, Jr. 
David L. Marcus 
Christine A. Goddard 
Ellen M. Klann 



Registration No. 39,495 
Registration No. 47,038 
Registration No. 47,321 
Registration No. 46,528 
Registration No. 46,905 
Registration No. 43,966 
Registration No. 43,887 
Registration No. 43^028 
Registration No. 42,524 
Registration No. 4 4 J 54 
Registration No. 46,221 
Registration No. P48,666 
Registration No. 46^897 
Registration No. 46*211 
Registration No. 44^a6 



Andrew J. Hagerty 
Emma R. Dailey 
Stephen C. Timinins 
Erich M. Falke 
Jane Inglese 
Janet E. Reed 
Scott E. Scioli 
Lawrence A. Aaronson 
John A. Harrelson 
Jeffrey J. King 



Registration No^_44Jj4L 
Registration No. P48,491 
Registration No . P48,48 1 
Registration No. j 49.Q49 
Registration No. _P48,444 
Registration No. 36,252 
Registration No. 4 7,930 
Registration No. 3j,369 
Registration No. 42,637 
Registration No. 38,515 



his/her associates with full power to prosecute the above-identified application and to transact 
all business in the Patent Office connected therewith and requests that correspondence 
continue to^ directed to the firm of WOODCOCK WASHBURN LLP^he above address. 



Date: 




Woodcock Washburn LLP 
One Liberty Place - 46th Floor 
Philadelphia PA 19103 
Telephone: (215) 568-3100 
Facsimile: (215)568-3439 




I hereby appoint the following persons of the firm of WOODCOCK WASHBURN KURTZ 
MACKIEWICZ & NORMS LLP, One Liberty Place - 46th Floor, Philadelphia, 
Pennsylvania 19103 as attorney (s) and/or agent(s) to prosecute this application and to transact 
all business in the Patent and Trademark Office connected therewith: 

John W, Caldwell Reg. No. 28,937 

Address all telephone calls and correspondence to: 
John W. Caldwell 

WOODCOCK WASHBURN KURTZ 
MACKIEWICZ & NORRIS LLP 

One Liberty Place - 46th Floor 
Philadelphia PA 19103 
Telephone No.: (215) 568-3100 
Facsimile No.: (215)568-3439 



I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and behef are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made 
are pimishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 



Name: 

James LUCAS^ 




Mailing Address: 

12 Sunnigdale Drive 
Blundellsands, Liverpool L23 7XA 
United Kingdom j 


Signature 
Date of Signature: 2^j/ ^^/^ f 
Citizenship: United Kingdom 


City/State of Actual Residence: 

Liverpool, United Kingdom 
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Name: 

Ahmed AL-SHAMMAA 




Mailing Address: 

University of Liverpool 

Department of Electrical Engineering & 

Electronics 

Brownlow Hill 

i^iverpool Loy iCjJ ^ ^ 
United Kingdom X 


Signature 
Date of Sisnature: / 


Citizenship: United Kingdom 






City/State of Actual Residence: 

Liverpool, United Kingdom 



